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ABSTRACT 

The first year of the proposed three year research project has now 
elapsed. Solar radiation measurements are now being made on a routine 
basis. Global solar » atmospheric emitted* downwelled diffuse solar* and 
direct solar radiation measuremen^ systems are now fully operational with 
the first two already In routine continuous operation. Fractional cloud 
cover measuronents can be made from GOES Imagery or from ground based 
whole sky photographs. Normalised global solar Irradlance values for partly- 
clotidy skies have been correlated to fractional cloud cover. Phase I ob- 
jectives have been attained for global and atmospheric mltted radiation. 
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The first year of the proposed three-yesr research effort has now 
been completed. The main objective of the Initial grant period was to 
correlate fractional cloud cover with various components of downwelled solar 
radiation. A measurement program was Initiated to provide data for the 
development and testing of later phases of this project. 

There are three essential components to this first phase of the pro- 
ject: (1) solar and atmospheric radiation measurements; (2) fractional 
cloud cover determinations; and (3) data analysis and correlations. The 
progress made in each of these components Is discussed In detail In the 
following sections. 


1. SOLAR BADUTIOH MBASUBBMENT PROGRAM 


The ftlt* for aolar and ataonphorlc rndtatlon •oasuroaontn «m ontnbliBlind 
at tha Phyalca Dapartnant building* Tumor Hall, on tha canpua of Hampton 
Inatltute - latitude 37. 02*^ H* longitude 76,31° W* and elevation 24 netera. 

Ibe radiation aenaora are located at the top of an obaervatlon tower (Ptgnrea 
1 and 2) which waa built to obtain an unobatructed field of view for the radiation 
aenaora. A field of view aurvey from atop the tower* ahowed that only two obatrue* 
tiona* a radio tower and a smoke atack* have elevatlona above the horlson greater 
than five degrees. There are no obstructions higher than ten degrees In elevation. 
The tower la alx meters In he^^tit and waa constructed with weather-treated lumber 
for durability. At the top of the tower* one meter above a standing platform* 
there la a five square meter «K>rklng surface which provides room for up to elx 
radiometers and an all sky camera assembly. The observation tower was completed 
February 15* 1981. 

Electrical power connections for 110 V ac Is scheduled for Installation 
during August 1981. This Installation was projected for the spring but has 
been delayed. Electricity Is needed to supply power to operate the solar 
trackers, radiometer control units* and other support Instrumentation, Extension 
cords are presently being used to provide power. Bendlx weather-proof electrical 
connectors and Individually shielded signal cables were Installed leading from 
the sensors to the recording system In the solar measurement laboratory located 
on the third floor of Turner Hall. Preliminary instrumentation checkouts were 
conducted during December 1980 and January 1981. The available Instrumentation* 
data handling procedure, data storage and quality control are discussed In the 


bee tiona below. 
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A. Instrunentatlon 

The Instrunentatlon choaan for this project will provide accurate ground 
based neaaurenents of solar and atmospheric radiation. lustrunentatlon to 
obtain atmospheric turbidity and preclpltable water la also available. 

Table X lists the available Instrumentation as well as the measurement 
wavelength ranges. Table II shows our measurement capability and sampling 
Information 

1. The Bppley Precision Spectral Pyranometer (PSP) 

There are two Eppley PSP s available to obtain measurements of 
global solar and diffuse solar Irradlance In the wavelength range of 
0.285um to 2. Sum. The Eppley PSP Is a durable Instrument with an accuracy 
of + 2X for solar senlth angles ranging from 0 to 70 degrees, and temperatures 
ranging from -20°C to 40^C. It has a time constant of one second. This 
Instrument Is widely used In DOE (Ryzner) and NWS (Baker) solar measurement 
networks. The maintenance schedule for the Eppley PSP Includes dally clean<> 
Ing of the glass dome, checking for levelness, and periodic changing of the 
deslcant. The Eppley PSP can be seen In Figure l at the far left of the 
platf )rm. 

Global solar radiation Is the combination of downward direct and dlf* 
fuse solar radiation as received on a horizontal surface within a solid 
angle of 2 ir steradlans. Global measurements have been made on a continuous 
basis since February 17. 1981. Several minor Interruptions In continuous 
measuronent have been caused by electrical po«rer failures, system calibra- 
tions. and routine maintenance. 

Diffuse solar radiation measurements are performed with the Bppley PSP 
shaded from the direct solar beam by using a shadow band, or by using an 
occulting disk mounted on a solar tracker. The occulting disk tracker 
Instrument requires a special support unit to allow the tracker 
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to rotate the disk 360^ around the PSP without obstruction during saeh 
twenty-four hour period. This assembly la shown In Figure 2 and Is located at th< 
northeast; corner of the platfom. The occulting disk Instrunent Is used 
at this station to measure diffuse radiation because It eliminates the 
rncertalnty Involved In applying shadow band corrections which are only 
valid for "average cloudy conditions" (Drummond, Bppley). 

The occulting disk-solar tracker asseiid>ly was Installed In June. Dif- 
fuse radiation measurements have been made on a part-time basis to properly 
align the solar tracker system. Tracking from sunrise to sunset requires 
exact alignment In the north-south direction, as well as the exact de- 
clination and latitude settings. Continuous operation Is expected to begin 
In August 1981 when electrical power Is permanently available at the measure- 
ment platform In weatherproof outlets. 

2. The Eppley Precision Infrared Radiometer (PIR) 

The Eppley PIR Is used to obtain measurenents of downward atmospheric 
or longwave radiation in the wavelength range of A.Oym to SOpm. To pro- 
tect the sensor, the Instrument uses a silicon hemisphere which Is uniformly 
transparent over the region of lym to 40ym. An Interference filter, with a 
transmittance cut off between 3 microns and 4 microns is vacuum deposited 
on the inner surface of the silicon hemisphere. The sensor Incorporates 
a battery operated temperature compensation circuit to compensate for radia- 
tion lost due to sensor temperature. It has an accuracy of ^ 7Z for all 
solar zenith angles and a working temperature range of -20^C to 40°C. In 
Figure 1, the PIR Is the second instrument from the left. 

Atmospheric Infrared radiation measurements have been made on a continuous 
basis since March 18, 1981. The regular maintenance schedule includes 
daily cleaning of the hemisphere and checking of the level. Monthly checks 
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of battery output and daalcant are alao perforaed. A fee power failurea» 
a battery failure, and acheduled ctllbrationa have Interrupted continuoue 
meaeurenent. 

3. The Bppley Kecaal Incidence Pyrhelioneter (HIP) 

The Bppley NIP is used to aeasure direct solar radiation in the 
wavelMigth range O.lSSpm to 4. Spa* The instrunent is designed so that 
only direct radiation from the sun and some circumsolar radiation is permitted 
to fall on the receiver. The circumsolar radiation results from the fact 
that the field of view of the instrument is 5.7 degrees while the sun sub- 
tends an angle of only 0.5 degees. The Instrument has an accuracy of ^ 
from — 20°C to 40^0. Spectral components of direct solar radiation can 
be measured using a filter wheel mounted on the front of the inst^rument. 

The NIP is shotni in Figure 1 at the far right. 

Measurements of direct radiation have been made periodically since 
May. Continuous measurements will begin in August when the permanent ac 
power is Installed. Regular maintenance includes dally declination align- 
ment and lens cleaning. 

4. The Bppley Hickey-Frieden Absolute Cavity Fyr heliometer 

An Bppley H-F pyrheliometer has been obtained for sensor call" 
bratlons and future experimental work. It incorporates a self-calibraclng 
sensor and control unit. The sensor is the same type as that employed in 
the solar constant monitor on the NIMBUS-7 satellite. The instrument 
measures direct solar radiation in the wavelength range of less than 0.2ym 
to greater than 50pm. It has a 8.5 degree field of view and a time con- 
stant of 1 second. This Instrument is the same as that used by Bpple” 
Laboratory to calibrate the NIP's. The instrument will not be used on a 
continuous basis, but will be periodically used for calibration of 
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other aeneors. 

5. The Volz Sunphotometer 

The Volz SunphotMMter is used to measure turbidity at 500 nm, 
aerosol extinction coefficients at 390 nm end 875 nm» end for precipiteble 
tiater. Direct solar radiation is measured using a silicon photocell and nar- 
row band transmission filters centered at 380, 500, 875 end 945 nm. Measure- 
ments are made at approximately one hour intervals throughout the day. 

Before May 1, 1981 data were obtained only for completely clear sky condi- 
tions. After that date observations during cloudy conditions were included 
if there existed no obstruction between the sun and the observer. 

6. All Sky Camera System 

A Ricoh XR-2, 35mm SLR camera with an Aetna flsbeye adaptor lens 
is used to take ground based photographs of cloud cover. A red filter and 
polarizer are used to reduce glare and to Increase the contrast between 
clear sky and cloud cover while a small occulting ball is used to shade the 
lens from the direct sun. Black and white photographs are scheduled hourly 
during the measurement period for suitable cloud conditions. Selected 
photographs are enlarged and analyzed by hand for fractional cloud cover. 

B. Meteorological Data 

Standard hourly meteorological observations taken at Langley Air Force 
Base (LAFB) are picked up on a monthly basis from the Third Weather Squad- 
ron. These data include information about cloud height, cloud type, and 
fractional cloud cover and are transferred from the LAFB hard copy onto 
.nagnetlc tape in proper format for analysis of cloud t 3 rps frequency, frac- 
tional cloud cover frequency, and other related cloud parameters. Visual 
observations were made at Hampton Institute to accompany Che photographs. 
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C. The Data Aequlaltlon Syatan 

Tha data aequlaltlon syaten anq>lo]rad to isonltor tha radiation aanaora 
la ahown In Figure 3. It conalata of an Int^ator-pr Inter-recorder ayatoB 
for each of the four meaaurementa; l.e., global* dlffuae* direct* and Infra- 
red radlatlona. 

Each Individual data aequlaltlon eyaten conalata of an Eppley Integrator 
matched to the radiometer* a Dlgltec Printer with built-in timer* and a 
linear atrip chart recorder channel. Bach Integrator la connected to a radio- 
meter by ahlelded twlated pair cable and contincoualy monitor a the aenaor'a 
output voltage. It converta thla voltage Into energy received and then 
dlaplaya the Integrated energy total on a LB) panel. At the aame time* the 
Integrator generatea an output voltage proportional to the aenaor voltage. 

‘fhe linear atrip chart recordera are uaed aa a back-up ayatem to aupply data 
when the Integrator-printer ayatOD malfunctlona and aa a contlnuoua record 
of the various solar energy components and atmospheric radiation. 

Once an hour the Dlgltec printers send a signal to the Integrators 
which respond to this signal end transfer the data displayed on the 
the LED panel back to the printer to be printed on paper tape. At midnight 
(ESI) each day* the Integrators reset the LED displays to zero and the printers 
reset the clocks to zero. 

D. Calibrations 

Original calibrations of the Eppley PSP's is performed prior to delivery 
by the Eppley Laboratory using a standard Angstrom pyrhellonieter reference. 
Comparison of our two instruments was made in May when the second PSP ar- 
rived from Eppley. Results of this test showed that the daily total Irra- 
d lance recorded by the two instruments agreed within 1.6Z of each other ^ a 
variance which la within the Instritmental accuracy* Suggested calibration 
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tim !■ ona yaar for tha PSP'a, Callbratioa of oar first toatrusmt will 
ba tskon cara of in Octobar, 1981. 

Calibration of tha l^lay NIP vat parfo n aa d by tha Epplay Laboratory 
prior to shipflttnt. Onca contlnuoua naamranaata bagint in-houaa calibration 
will ba parfomad ualng tha H-F Aba^^luta Cavity PyrhalioflMtar aa tha atandard 
instrument. Calibration is achadulad on a six month basis. 

Calibration of tha Epplay PIE and tha Vola Sunphotomatar must ba mada 
by tha manufacturars. Prasant plans ara to raturn thasa Inatrumants for 
calibration at the end of 1981 since each would have been In operation for one 
year at that time. 

The recorder systems are calibrated every two months. *nia procedure 
Involves using a stable millivolt source to supply a known voltage to each 
integrator. The Integrator count rate and recorder output voltage ara com- 
pared to specifications. If necessary, resistors inside the Integrators 
are adjusted to meet the specifications set by the Eppley Laboratory. 

E. Data Handling and Quality Control 

A data storage procedure for the radiation data has been devised to 
efficiently handle the data and ensure quality control. Printed data from the 
Integrators are scanned on a daily basis for missing or problem data and 
incorrect timing caused by power failures and other electrical malfunctions. 
Missing data are supplemented by the strip chart record when available. 

The data storage scheme in Phase I of the project does not call for auto- 
mation. This will be a major objective of the second phase. The data stor- 
age process was established to be consistant with the data automation TCbeme 
chat will be implemented in the next phase. 

Currently all radiometric data from Integrators are printed on paper 
tape each hour of the day. On a weekly basis, these data are manually 
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mt«red Into n Toktror.lx 4051 nicroconputv nnd ntorod on thnt conputor'o 
internal tap* unit. The raw data fllaa Ineluda integrated radlonetric read- 
outa and the corraapondlng tlaaa. A conputar file ia generated for each 
dap and for each Inatrunuit. The 4051 tapea aerve aa a tenporary atoraga 
■edlun for theae data. For pemanent storage the taped lofomatlon la 
transferred via computer hookup from the 40)1 to the POP 11/34 mini- 
computer where data are stored on 1600 bpi magnetic tape. All preliminary 
processing is done on the Tektronix 4051. Data analysia routines are done 
on the PDF 11/34 system. 

Meteorological data are stored directly on the POP 11/34 magnetic tape 
system, and these data files contain hourly weather observations for a twmty- 
four hour period. All application programs utilising these data are operated 
on the POP 11/34. 


II. FRACTIONAL ; LOUD COVER DETERMINATION 
The largest single effect of a cloud upon the solar radiation received 
at the ground is caused by partial occlusion of the direct beam by an opaque 
cloud. The cloud's type, density, thickness, height and reflectivity also 
affect the energy received at the ground. Cloud cover conqiosed of cumull- 
form clouds was selected for this study because of the nearly opaque optical 
properties, low cloud altitude, distinct boundaries, and frequency of occur- 
ence. Cloud cover ueasurosirats were usually not made when cirrus, cirro- 
stratus. or semi-transparent altocumulus clouds were present. With this in 
mind, the term "cloud cover" will be used to mean opaque cloud cover as 
opposed to total sky cover. 

Fractional cloud cover can be defined for a local area by the ratio 
or cloudy area to total area, or by cloudy solid angle to total solid angle. 
Tlta area ratio should be valid for large ground areas or for time averaged 
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nail treat aa the clouda move around. Solid uigla vaightlng could bo uaa- 
ful for email area and abort time period meeauramant compariaona; but la 
not compatible with satellite viewpoints luiless cloud altxdude la raadily 
found. For these reasons all fractional cloud cover maasurementa are based 
upon the definition that fractional cloud cover eqi*ols the ratio of the 
area obscured by clouds to the total area. 

There are three different sources of fractional cloud cover valuers: 

(1) satellite data, (2) ground based photography, and (3) trained observara. 

A. Satellite Derived Cloud Cover 

Satellite data can be used to determine fractional cloud cover by 
either of ttro main methods. The raw brightness c'ata from each channel of 
each sensor can be manipulated, interpreted, and compared to the correspond- 
ing data fcr clear and totally cloudy conditions. The other method involves 
the analysis of satellite Imagery such a? photoprints. Fhotoprlnts ere 
generated from the raw data and are readily available in either positive 
or negative forms for visible and infrared data. The latter approach was 
chosen for the initial grant period since photos are easier to Interprst 
and work with. 

1. Data Selection 

Several sources of satellite Imagery were investigated. These 
Included GOES, Lsndsst, TIROS-N, and NIMBUS, Imagery provided by GOES 

East was selected subject to the requirements of (1) frequency (half-hourly 
prints are available whereas Landaat makes only one pass every 16 days), 

(2) full cloudiness range, and (3) convenience (our local geography is 
ssily disLingulshable in the visible photos). GOES East-sector DA-1 , 

visible channel, 10"xl0" matte finish photoprints are ordered from the 
National Cllmstic Center, Satellite Data Services Division in Washington, 
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D.C« as nssded to supplensnt and/or cospara to our ground tMisad fractional 
cloud cov 0 t aaasuremants. 

2. Photoprint Grid Design 

The GOES Bast, geosynchronous satellite Is located I*’ east and 
37^ south of our measurement slt‘> at a height of 3.6x10^ meters. This 
view of the local area causes a difference between the north-south and east- 
west distance scales on the photo. A simple trigonometric calculation 
predicts that the local zenith direction Is 42.5^ from the local GOBS 
satellite viewing direction. This Introduces a scale factor difference of 
1.36; i.e.» the north-south scale factor divided by the ea^t-west scale 
factor equals 1/cos 42.5°. The local horizon Is circular la shape as viewed 
from the ground but Is elliptical as viewed from the satellite. The circu- 
lar delineator and square grids reported In this project's semiannual report 
(February 1981) were modified to account for this anisotropy. 

Careful measurements of distance between local landmarks on the satellite 
photos were made with a scale that was graduated with 0.1 mm divisions using 
a 10 X jewelers loope. For the 10"xl0" photoprints a scale of 29.5 jK 
.3 km/cm along the north-south direction, and a scale of 21.8 + .2 km/cm 
along the east-west direction were obtained (47.5 + .5 mlles/cm and 35.0 
+ .4 mlles/cm, respectively). Using this information an ellipse corresponding 
to a 120 km radius horizon circle can be drawn by computer on the photo- 
print or on a clear plastic overlay. This horizon ellipse Is then sectioned 
Into grids for analysis with the size of each grid determined by the analysis 
method. For visual cloud estimation within each grid, a rectangular giftd 
corresponding to a 24x24 km (15x15 mile) square on the ground Is used. 

Use of the densitometer requires a square grid which represents a 32x24 km 
(20x15 mile) rectangular space on the ground. The circular densitometer 
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head then correeponde to a 32x24 kn ellipse at the ground. Both gride 
are modifications of the grid reported in the semiannual report. An addi- 
tional Improvement In grid design is the location of the central grid over 
the measurement site. The central grid and its nearest neighbors correspond 
more closely to the normal field of view at the ground. A single grid Is 
large enough to include both the primary measurement site at Hampton 
Institute and the supplementary visual cloud observation site at Langley 
Air Force Base. The relative positions of these sites with respect to the 
analysis grid is shown in Figure 4 with an "X" for the Hampton Institute 
site and a dot for the Langley Air Force Weather Office site. 

3. Densitometer Analysis 

Positive black and white photoprints were chosen because of the 
ease of discrimination between cloud, land, and sea. Use of the positive 
prints required the reflection mode of measurement instead of the trans- 
mission mode. The 4.0 mm diameter ninety degree reflection head of the Photo- 
dyne Model 99XL Densitometer /Bfrflectometer was held by hand and guided 
by the 4.3 mm x 4.3 nsn square grids within the horizon ellipse. Reflection 
readings were taken and recorded for each grid on both a par *’ly -cloudy 
photoprint and on a completely clear sky photoprint with similar ground 
albedo. The difference between the totals of these readings for partly- 
cloudy and completely clear prints was compared to the expected difference 
between completely cloudy and completely clear totals. Thus fractional 
cloud cover (f) was defined by the linear interpolation between clear and 
completely cloudy totals; that is, 


f - 


partly cloudy total-clear total 
completely cloudy total-clear total 
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This proeodurs was found to Iwvo s«v«rnl drawbaeks irtilch can ba cata- 
gorltad as Instrunantal, photographic, or mthodologlcal. Tha naxlaun dif- 
fsrsncs botwscm claar and cloudy raflactlon readings for an Individual grid 
was found to be less than 0.32 with an uncertainty of about 0.02 relative 
units. Matte finish photos provided more sensitivity tiMn glossy finish 
prints. The actual measurement area is 1.5 nm in diameter while the sensor 
head is 4.0 mm in diameter. This slsa difference allows some additional 
uncertainty in Individual measuraments due to positioning within the grid 
and questions regarding representativeness of the smpled area. Thus, in- 
stmmencal uncertainties can easily contribute about ten percent of the cloudy 
versus clear difference. Experimental technique minimises most of the un- 
certainties due to head orientation (the maximum reading is assumed to occur 
for normal Incidence) and positioning (the square grids are only a line width 
larger than the ref lectometer head). 

Several of the problems that arise from the satellite photo are caused 
by geographic locator dot placement and sensor resolution. Geographic 
locater dots are meant to locate state boundaries and major lakes or water- 
ways. These normally white dots are black when placed over a bright cloud 
field. These dots are not uniform in slse from photo to photo and are often 
placed as far as 80 km (fifty miles) from their Intended positions. These 
position Changes affect the location and number of doti within the grids 
and thus Che reflection readings of clear versus cloudy skies. The location 
of the dots can also affect the location of the central grid relative to the 
measurement site if only the dots are used for positioning. The gralnlness 
of the photo Is also related to sensor site and movement. In addition, 

. stellite senaor resolution is about 1 km, which means that small clouds 
scpsrated by large distances, and small holes in clouds, are sometimes 

t I 
1 i 


undetected or misrepresented. 
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The angular dapaadanea of ground and cloud albado la the [H^Saary aourca 
of uncertainty Inharmt In the procedure, k clear day» aeveral daya amy 
txam the selected partly cloudy photoprint, can produce several dagreea 
in senith and azimuth difference in the sun's angular position. The effect 
on overall hrightness is evident if two photos one hour apart are compared. 
The effect of different solar orientations introduces considerable uncer- 
tainty in the fractional cloud cover calculation. The completely cloudy 
totals are also subject to solar or imitation dependence as well as individual 
cloud reflectivity. The brightness of a cloud as viewed from the satellite 
depends upon such factors as cloud type, density, shape, size, and height 
above the ground. A considerable range in reflection readings can be ob- 
tained for completely cloudy grids. 

4. Visual Grid Analysis 

The visual grid analysis method is simple, quick, and at least 
as accurate as the densltometrlc method. The visible fraction of each grid 
that Is covered by clouds Is estimated, then these fractions are averaged. 
This method Is advantageous because only the partly-cloudy photo has to be 
analyzed. An overlay grid can be centered over the measurement site Inde- 
pendent of the locator dots when local geographic features are visible. 

In addition, the angular dependence of sunlight reflected by the clouds Is 
less important. Fractional cloud cover within each grid can be estimated 
to the nearest one- tenth, or better, which Is more accurate than the densito- 
metrlc method. The grids can be made rectangular to reduce the north-south 
bias of the square grids. The cloud cover fraction Is estimated over the 
full grid area Instead of a small circle within the grid and Is thus more 
representative of the actual cloud fraction. The visual estimate method 
has one main source of uncertalntyt observer bias. In addition to those 
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Inhttrent to low cloud and small cloud idantlflcatlon. 

5. Results and Conclusions for Satalllta Photoprint Analysis 

Figure 5 compares visual and densitometric results for an August 2St 
1980*1201 EST photoprint and for a March 3, 1981-0901KT photoprint. As 
the number of grids is increased, both methods show the same behavior. 

For the August photo, the two methods give the same fractional cloud cover 
at 36 grids (a 6x6 grid square representing 192 km H-S by 144 km E-W cen- 
tered over the primary measurement site). Both methods agree within esti- 
mated experimental error for the full 68 grid analysis circle. The March 
photo shows an initial Increase from clear to cloudy and a general increase 
as more and more grids are Included for both methods. The difference in 
magnitude can be assigned to the uncertainty In the clear sky values since 
several clear reference grids had higher reflection readings than the cor- 
responding partly cloudy grids. Using the average difference over these 
clear grids as a correction for every grid yields a 5 percent cloud fraction 
for the 51 grid ellipse. This agrees very well with the 7 percent cloud 
fraction obtained visually; however, this adjustment would produce a negative 
fraction for the central grid alone. 

The difficulties In obtaining reliable fractional cloud cover from the 
reflection readings led to the conclusion that the visual estimate method 
was the preferred analysis method. Subsequent satellite photos have all been 
analyzed by the visual estimation method using the rectangular grids centered 
over the primary measurement site. Comparisons of satellite derived fractional 
cloud cover to ground based values will be made below. 

B. Ground Based Fractional Cloud Cover 

Fractional cloud cover can be obtained from the ground by visual esti- 
mation from trained observers or from whole sky photographs. Visual estl- 
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mates are available from trained obaervera at the Weather Office of the Langley 
Air Force Baae» Third Weather Squadron. Theae aatlmatea are made hourly 
and a copy of theae obaervatlona la obtained on a monthly baala to sup- 
plement the photographa made at the primary meaaurament alte. Only cloud 
fractlona eatlmated for cumullform cloud cover la uaed In the data analyala. 
Whole aky photographa are taken at the primary meaaurement alte aa diacusa- 
ed In the semiannual status report (February 1981). A Rlcbb XR-2, 3Sam 

SLft camera vlth an Aetna flah««ye adapter lens photographs all the visible 
sky within an effective angle of 85° from the aenlth. Visual cloud estimates 
at Hampton Institute were made to accooipany many of the photographs. 

1. Calibration of the Fish-Bye Lens 

The relationship between image location on the film and the object *s 
original position or direction had to be ascertained before an analysis grid 
could be designed. A direct relationship was expected (Lund and Shanklin, 

1972) between an object's angular position and the distance from the cor- 
responding image to the center of the photograph. Preliminary testing of the 
camera and fish-eye lens combination Indicated that the maximum practical 
angular view was about 85° from the principal axis of the lens system. A 
calibration experiment was conducted to test this range and to test the 
linearity of the image position versus the object direction. A classroom 
wall vas selected as the object since a flat surface of considerable else 
was required. The width of the wall was 6.1 m (20 feet) and the height was 
2.4 m (8 feet). The camera to wall distance was set at 26.7 cm (10.50 
inches) so that the Intersection of the walls would be 85.0° in the horizontal 
direction. Using this set distance* positions were calculated for twenty 
angles. For every five degrees below 40° * clrcl«w were drawn on a 10"xl5" 
sheet of paper by computer. For angles greater than 40° * positions were 
marked on the wall by hand for every 45° in azimuth. Figure 6 is a copy 
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of one of the cellbretlon photoe. The bright epote elong the 0^ end IBO^ 
direct lone ere the poeitione illnnlneted. dddlclonel pointe for the 
cellbretlon were <d>teined by uelng the very reguler epeclng of the building 
bloeke. MeeBurement of ell theee poeitione on the two cellbretlon photoe 
provided 39 dete pointe with erperlaentel uncertalntlee detemlned by con- 
perlng the two i^otoe end the different dlrectlona for the eeae ocientetlon 
angles. The uncertalntlee were used in the statistical weighting for the 
linear least->s<puires fit to the date. A slight discrepancy was observed 
for points above the ceoera versus points below the caMre. This was 
attributed to a slight vertical adsellgnment of the caaera systea which was 
leveled by the use of a small bubble level. 

Figure 7 shows the distance of the image from the center of the photo 
versus the angular orientation of the object for the calibration of the 
whole sky camera system. The position of an Image Is a linear function of 
the object's angalar position as seen in this figure. The scale factor la 
a function of the size of the enlarged photograph and Is not particularly 
significant. The important thing Is that the edge of the circular photo 
Is 85.0^, the center Is 0^, and any position between the center and the out- 
side edge Is linearly related to the angular position of the object. 

2. Analysis Grid Design 

The symmetry of the photographs and the object angle- image position 
dependence suggest that a series of concentric rings divided Into equal 
segments be used Instead of a rectangular grid pattern. A similar grid 
was developed by Lund and Shanklin (1980). The practical limit of 85^ 
from zenith means that only clouds nearby the primary measurement site can 
be photographed. This range Is only a few kilometers for very low cumulus 
clouds and about 30 km for altocumulus and other middle level clouds. In 
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relation to the eatelllte photo, only clouds within the central grid are 
▼islhle in the ground-hased photo for low clouds, and one or two grids from 
the center for higher clouds. This small region near th>. earth*s surface 
can he treated as being flat as long as the clouds all have the same base 
altitude. The distance R from the senlth direction and the cloud height h 
are related by R > h tan 6 , where theta can be determined from the photo- 
graph. The area of a ring segment is a fraction of the total ring area 
2 2 2 2 2 

ir(r 2 - r^) ■ rh (tan 62 - tan G^) and the total area represented In the 
2 2 o 

photo is vh tan 85 . Fractional cloud cover f for a ring can be taken 

as the average fractional cloud cover for that ring. Thus f ,(f^) 

n J*l J 

where n is the number of equal segments and is the fractional cloud cover 
for the j-th segment. The fractional cloud cover F for the entire circular 
field of view is equal to the total cloudy area divided by the total area. 
This definition becomes 


N 2 2 2 

E irh f (tan G - tan 

f - i=i : 

5— —5 

irh^ tan 


The total area only depends upon the angle G„ of the last ring used and the 
cloud height. This last ring represents 85° if the full sky photo is used. 
Thus the final fractional cloud cover for N rings is equal to a weighted sum 
of individual ring cloud fractions; that is. 


N 

F ■ E (f.w. ) with w 
1-1 ^ ^ 1 


(tan^G^ - tan^Gj ^ 


2 

tan G, 


N 


For 1 " 1, set G^_j^ -6^-0 since the first "ring" is a circle of radius h x 
tan G^. Note that does not depend on cloud height as long as the height 

for all clouds is the same throughout the view of the camera. 
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Angular positions for equally walghtsd rings wars caleulatsd and found 
to be inpractical since these oreu all fall near the outsida edga of the 
photo. Practical eetination of cloud cover over a section of a circle or 
ring requires that the areas be relatively snail. The final analysis grid 
is shown in Figure 8 (page 33). Seven rlngif, chosen for convenient ring 
sise and angles, were segne n t ed radially Into eight equal segnsnts. The 
angles and corresponding weighting factors are listed in Table 111 using 
all seven rings for the weight factor calculation, nte dotted circles divide 
the first six rings into half areas. Tlte lighter sector lines divide each 
segment in half. The half area lines are used to reduce the uncertainty 
in estimating cloud cover over each section to about five percent. The 
outermost ring is not divided in half by a dotted line because the half 
area line nearly overlaps the outer ring. The might factor for the out- 
side ring is very large, thus the outside ring (and any errors in its evalua- 
tion) strongly influences the final fractional cloud cover. This outer 
region of the photo is also where the sides of clotids are most noticeable. 
Most cloud fractions reported here are calculated using only the first 
five rings and the appropriately modified weighting factors. The outer 
two rings are only used for very small fractional cloud cover when the 
clouds are usually near the horlaon and sparsely distributed in space. 

As a preliminary test of the photographic analysis technique, two 
photos of a rapidly changing cloud pattern were taken at slightly different 
times. Figures 9 and 10 are copies of photographs taken at 1350 and 1355 
EST on February 25, 1981. The movement of the clouds Is evident as shown 
by the relative slee and location of the clear sky regions. Aralysis of 
the two photos produced cloud fractions of 591 for the 1350 EST photo and 
571 for the 1355 EST photo. An independent analysis of the 1355 EST photo 
by a student assistant produced a value of 551. A similar analysis of two 
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photos taken April 6» 1981 at 1400 and 1406 B8T produced 80 mA 82X» reapac- 
tively. It was concluded that the analyaia technique waa correct. 

The primary draUbacka for the method are related to the correct identifi- 
cation of cloud sdges» aides and bottoms In the black and idilte photographs. 

A dark cloud bottom la not readily dlatlngulahable from a clear area when 
It is at an angular position greater than about 60^. Cloud aides can also 
appear to be as large as a cloud bottom at the larger angles. Linear dis- 
tance In space Is scAled to radial position on the photograph by the arc- 
tangent function which means that far away objects are compreased drastically 
near the outer edge of the photo. Hasy conditions and thin cloud cover 
can also obscure cloud features. A red filter and a polariser are being 
used to Improve contrast and reduce glare. Color prints would help solve 
part of the problem but color photographs are considerably more expensive 
and difficult to develop. 

C. Comparison of Fractional Cloud Cover Determination Methods 

The fractional cloud cover values obtained by one method can be compared 
to values obtained by either of the other two methods to verify that each 
method is measuring the same thing. Comparisons to radiometric data will 
be discussed In the section on Correlation with Fractional Cloud Cover, 
Excellent agreemait between the ground-based and satellite photometric 
results were obtained for the four test cases listed In Table IV. Since 
the satellite photoprints were used primarily to supplement ground based 
observations, only a small number of photoprints were obtained for this kind 
of test. The selected satellite-derived cloud fractions are underlined 
beneath the proper grid area heading in Table IV. The selection of single 
central g^ld results versus multiple grid area results Is determined by 
overall cloud fraction and by cloud height. For the test cases only fairly 
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low, olaplo coBuliui, cloudo wwro vlolblo la oltbor tho grouad baaad photo 
or the oetelllto photo. Thle oloud height reetrleted the poealble field of 
view oa the ground to e eaeller area than that repreaoited by the 5x5 grid 
area on the aetelllte photo. More than fifty percent cloud cover further 
reducea the effective field of view since clear areas are hidden by clouds 
located between the caaera and the clearings. This reduced area is only a 
snail portion of the centrel satellite grid. Therefore for low level clouds 
and large fractional cloud cover, Che 1x1 or central grid value is under- 
lined. The 3x3 grid area is selected for sasller fractional cloud cover 
values. In general, the ^ound based photo results and satellite photo 
results agree well idien the sene region of sky is evaluated. 

The distribation of clouds over a large region la generally ununifon 
end tine dependent. Fractional cloud cover is also location and tine de- 
pendent with appreciable changes occurring over distances of a few kilonetwrs 
and over tine Intervals of a few nlnutes. The lack of unifomity in cloud 
fraction Is observable In the April 24, 1981 data presented in Table IV 
by comparing the results for different sise grid areas, since a shift of nore 
than ten percent in each averag.. Indicates larger individual differences. 

This general behavior Is also evident In any satellite photo with clouds pre- 
sent. This dependence on location Introduces considerable uncertainty 
when two different widely separated sites are coopered. However, a generally 
good correlation should exist between cloud cover measurements made at 
Langley Air Force Base (LAFB) and at Hampton Institute (HI) because the sky 
between the two is visible to both. The separation of the two sites is 
only about seven kilometers. Visual estimation of cloud cover is made 
regularly at LAFB every tiour of the day by trained observers. Mr. Thomas 
Griffin, the Research Aesoclate on this grant, has made a number of visual 


cloud covm MtlMtM At HI to Aceoapony tha ground«^sod photographt* 

Ho boo iMd ooae foraol trolnlns In tho ootinotloo of cloud cov«r idiUo o 
groduoto student ot tho Hnlvoroity of Mlohlgon. Hit vlouolly ootiaotod 
cloud cover froctlono correloted mil with the LAFB vltuol ettiaotee end aith 
both the eetelllte and ground<»baaed photographic reaulta aa eeen In Table V. 

A graph of fractional cloud cover obtained froa the 3x3 grid area on the 
satellite photoprints plotted against the visual cloud cover eetlaatlono node 
at HI Is shown In Figure 11. A sialllar plot for ground-based photograph reeulto 
versus visual estlaatlons at HI is shown in Figure 12. Conpsrlsons of these 
cloud cover measurenents were also aade to LAFB visual estiaates as shown in 
Figures 13 and lA. The save type of calculation was done for the single (1x1) 
and for the 5x5 grid area on the satellite photoprints. The linear regression 
coefficient and the nunber of data points are listed In Table V for each correla- 
tion. The best correlations ware obtained for the 3x3 grid area for the satellite 
photoprint analysis method. The linear regression coefficients for the ground- 
based photographs and the satellite photoprint analysis nethods have their 
largest values when correlatwl to the visual estiaates nsde at HI. Hany of the 
LAFB visual fractions used in the correlations are averages of the visual estiaates 
at the beginning and at the end of each hour; whereas, all the HI visual estiaates 
were made at the time of the photograph. Some averages of HI visual estiaates 
%rere used in the correlation to the satelllte*-derlved results since satellite 
photos are available only on the hour or half hour. The relatively low regression 
coefficients for the ground-based photographs is probably due to the wich saaller 
field of view analyzed by this method. 

The three different fractional cloud cover determination methods agree 
very well with cme another when similar sky areas are analysed. The best 
Bfitellite photoprint analysis smthod developed was to estimate visually cloud 
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eov«r for Mch grid within • 5x3 grid smt and «v«rng« cteM fnwtloM. 

Each grid rapraamtad a 24x24 ta cqnara on ^ ground. Tha ixmuK 3x3 grid 
araa corraaponda wall with tha othar ■aaaoraBant MtlMda for dwrt-tlM 
Intarval fractional cloud cov«r valuaa. Tha full 3x5 grid ahould halp tlaw 
awaraga an tha clouda nova about. Ground-baaad photograph raaulta ara 
valid for axall aky araa and abort tlaa Intarvala. Thla aathod la boat uaad 
for aaall, wtdaly acattarad. low clouda that ara hard to Idantlfy In a 
aatalllta photo bacauaa of aatalllta aanaor raaolutlon or low raflactlvlty 
of tha clouda. 

III. RADIOHBTRIC AND MBTEOKOLOGICAL DATA ANALYSIS 

Contlnuoua radlonatrlc data collaction coonancad In Pabruary for global 
aolar Irradianca and In March for ataoapharic anittanca. An Inaufflclant 
anount of dlffuaa solar irradianca data la avallabla for significant analyalo 
In thla taport. Mataorological data partaining to clouda have bam collactad 
fron tha Third Waathar Squadron at Langlay Air Forca Baaa (LAPS) for tha 
■ontha of March through Juna 1981. Fractional cloud covar data for thla 
parlod hava baan obtalnad by tha various aatbodo dlacuaaad In tha Fractional 
Cloud Covar Dataminatlon aactlon of thla raport. 

Avaraga hourly valuaa for global aolar Irradianca and atnoapharlc 
anittanca (anlttad Infrarad radiation) hava baan calculated for aach hour 
of tha day for aach month of contlxnioua operation. Tha avaraga diurnal aarla- 
tlon of global solar lrradianc« ^ or tha nonth of March la plotted in Figure 
15. Avaraga hourly global aolar and atnoapharlc anlttad Irradianca ara plotted 
together for tha nontha of April. Nay. and June In Figures 16. 17. and 18. 
raspactlvaly. Tha dacraasa In avaraga nidday global Irradianca fron April 
to Hay la caused by a general Ineraaaa In cloud covar during the 1000 to 
1400 EST tine parlod. If the cloud covar had ranalned unchanged, tha aid- 
day global Irradianca would hava Increased as tha solar elevation at solar 
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noon IncrMtad fron Mirch throng Jim*. 

Tht fr«qumey of occurronco of eortoto sky eovor fractions can bo 
bbtalnad froa tha LAFB obaanratioa 4au aat. Tha nabmt of tlaaa that aach 
tan porcant fractional cloud covar aatiaata waa racordad during tha aonth of 
March la plottad In Flgura 19. All twmty-foor hourly obaarvatlona aada 
aach day ara praaantad in tha hlstc^an. Tha distribution of cloud fractions 
is not unifom. Total cJoud covar (100% cloud covar) is tha moot fraquantly 
raportad valua* and only about ona-half of tha obaarvatlona fall in tha 
partly cloudy (10-90% cloud covar) ranga. Thaaa sky covar fractions In- 
clttda transparant and aaai-transparant clouds, ginilar plots for othar nonths, 
for rsstrictad tins parlods. and for opaqua cloud covar will ba cooplatad 
during tha next nonth. Sons opaqua cloud covar rssults can ba obtainad 
froB tha LAFB data by caraful obaarvatlon of tha cloud typa codas. 

IV. C0BRELATI0N8 WITH FRACTIOHAL CLOUD COVER 

An amplrlcal modal davaloped by the Air Raaourcas Laboratory (ARL) 
of tha National Oceanic and Atmospheric Administration was salactad for 
correlation of the global solar Irradiance data with fractional cloud 
covar values. This is an astabllshad nodal used by many meteorological 
stations, and results are collected by the National Climatic Center in 
Asheville, North Carolina. The modal is used to correlate hourly average 
global solar irradiance with opaque cloud cover «rtiich makes it particularly 
compatible with our solar energy and cloud cover measurmaent progrma. 

Another reason for selecting this model is that the remits of this type 
of correlation for other meamrement sites are readily available , and these 
results of the correlation can be used for comparison to other measurement 
sites in order to establish the uniqueness or representativeness of the measure- 
metit site at Hmspton Institute. 
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The major factors that affect the monat of g^ohal eolar «Mrgy received 
at the groond oa a flat surface are solar sealth aagle aad opaque cloud 
cover. The AKL caplrlcal equatloas selected for use with our aeasureneats 
aret 

2 3 

(1) SRC • Aq -I- COS ZA 'I- A 2 cos ZA -f A^ cos ZA» and 

(2) SR - Bq •I' OPQ OPQ^ + B^ OPQ^ + B^ RN. 

SRC Is the solar radiatloa hourly values for clear sky coaditloas and SR 
is the value for cloudy sky coaditloas. ZA is the sealth aagle at the mid- 
point of each hour interval, and OPQ Is the fractional opaque cloud cover. 

RN Is a rain tern that Is equal to one if some form of precipitation is 
reported; othenrlse it is zero. The coefficients for the first regres- 
sion equation are calculated separately for mornings, and afternoons, for 
each month of the year in order to partially account for diurnal and seasonal 
changes in atmospheric turbidity, water vapor, and other rach factors. 

The first and last partial hours of the day are not Included In the regression 
calculation. The coefficients for the second equation are normally calculated 
for mornings, and for afternoons, using a full year of data at a time. 

A. Clear Sky Results 

The clear sky data have to be analyzed before the cloudy sky data can 
be normalized by its solar zenith angle dependence (time of day dependence). 
Determination of clear sky hours was made using the LAFB cloud observation 
data set. A plot of hourly values of the clear sky global solar for March 
nornlngs Is shown In Figure 20(a). There were only ten full hours of clear 
sky in the mornings during the month of March. The line plotted through 
<.be data was obtained by the Marquardt's nonlinear least-squares method 
(Harquardt) using equation 1. The regression coefficients are listed In 
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Table VI. The reaulta for the afternoon clear aky data are plotted In 
Figure 20(b) and are alao Hated In Table VI. The algn of In both ra-> 
graaaiona la negative but If the combined morning and afternoon data are uaad» 
the algn of Aq becomea poaltlve. Since Aq la the ”coa ZA” Intercept In 

equation 1, It can be Interpreted ae being related to the clear aky global 

radlatlm value at aunrlee or aunaet when coa ZA becomea aero. Thla la out- 
aide the range of the fit to the data and cauaee Aq to be aenaitlve to email 

changea In the data. Conparlaon of theae coefflclenta auat be made with 

great care. Aaalyala of a aet of ARL coefficients (Kuhn) for various 
meteorological data sites does not Indicate a significant pattern for the 
sign of the first coefficient. However, the term Aq la much smaller In 
magnitude than A^^ or A^ for all stations (usually only a few percent of A^^ 
or A 2 >. 

Results for clear sky data for the month of April* and for mornings In 
May are presented In Table VI and In Figures 21 and 22. However, there were 
no clear hours In the afternoons for May and there were only five for April. 
The number of "clear" sky data points had to be Increased In order to make 
the regression coefficients meaningful and to normalise the cloudy data 
for afternoons In Nay. 

Analysis of the LAFB cloud observations produced a number of hours 
with small fractional cloud cover composed of cirrus or altocumulus clouds 
that were coded as being transparent, semitransparent, or "thin." The strip 
chart trace for each of these hours was examined. Global radiation values 
for these very thin cloud conditions were added to the clear sky data as 
long as the strip chart trace showed the smooth behavior characteristic 
if clear sky. The effect of clouds upon the global Irradlance Is evident 
In Figure 23 which is a copy of the PSP and PIR traces for April 27, 1981 
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for 0 wtdo rongo of fractional cloud couar. Ragraaalon coafflclmta with 
thin clouda praaant ara llatad In Tahla VI along with tha total nuabar of 
polnta uaad* In Piguraa 20 ai^ 21, aach claar aky data point la Indleatad 
by an "0" and tha raaultant laaat squaraa fit la drawn aa a daahad curva. 

Tha data with thin clouda praaant acattar around tha claar aky data rathar 
wall and axtand tha ragion of tha fit to larger aanlth anglaa. Nota that 
tha Aq valuaa for tha aomlng and aftamoon data for April and Hay hava tha 
proper magnitude relative to tha Aj^ and A 2 valuaa. Ho thin cloud polnta ware 
added to the March data* ao tha value for A^ waa obtained from only a few 
data polnta^ a relatively large dlatanca from tha ninety degree point. 

Tha coafflc lento A^, A 2 and A^ ahould be obtained from the renilta of 
the larger data aeta for morning or afternoona over the threm*month period. 
The ARL reaulte for other altee (Kuhn) ahow that A^ and A 2 are approximately 
equal and that A^ la much amaller and negative. The preliminary reaulta 
praaentad hare auggaat that A 2 la nearly 3 or 4 tlmea aa large aa A^, but 
tha probable error In theae coefficlenta doea not rule out c«Dpatiblllty 
with the other radiometer data aitea. The general magnitudee and algne 
are conalatent. 

B. Cloudy Sky Reaulta 

The cloudy aky to the clear aky global aolar Irradlance ratios were 
calculated for mornings and afternoons for each month. The regression co- 
efficients for clear sky mornings, and for clear sky afternoons, were used 
In Equation 1 to estimate the clear aky Irradlance for each hour interval. 
The cloudy sky data were then fitted to Equation 2 using the Marquardt's 
nonlinear leaat- squares method. Three sets of data for each month were 
generated by using the fractional cloud cover determined by satellite photo- 
print analyais. ground-based photograph analysis, and by LAPB visual estl- 
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matlona. Th« LAPB obtervations vara uaad to ]irovl8a a cobbod oat of claar 
and totally cloudy pointa for aach aat alnca pbotoa ara not takan of claar 
or totally cloudy aklaa. Tabla VII llata tha rasvaaslon coafflclanta for 
aach analyalo. Tha data for March are plotted In Figure 24 with aach 
aatalllta derived value denoted by an "o" and aach ground* baaed photograph 
derived value denoted by a Thera %fara only two ground* baaed photographs 

analysed for the month of March since the photographic analysis and develop- 
ment procedures were just being completed. The linear regression for the 
lAFB visuals Is indicated by tha solid line and for the satellite data by 
the broken line. 

The cloudy sky global irradiance divided by the clear sky global ir- 
radlance is plotted for April and May in Figures 2S and 26, respectively. 

The regression coefficients are listed in Table VII. The first coefficient, 
Bq, should be equal to one since it is the value of the cloudy to clear 
ratio at aero opaque cloud cover (clear sky). The last coefficient, B^, 
is the average difference between the cloudy/clear ratios at lOOX cloud 
cover with and without precipitation. This is because precipitation normally 
occurs for only totally cloudy conditions. The wide range in values for the 
other three coefficients does not allow a vsry meaningful analysis or com- 
parison to published coefficients for other sites. All three graphs show 
considerable scatter in the cloudy/clear global fraction at cloud cover 
fractions greater than about ten percent. The corresponding scatter in 
fractional cloud cover values for a given ratio is very large, certainly 
more than the uncertainty in any of the cloud fractions. The spread is not 
explainable by the difference between the visual estimation site (LAFB) 
nd Che radi(»Betrlc site (HI) because the ground-based and satellite photo- 
graphic results show the same amount of scatter. 

The wide scatter in the data indicates that the global radiation is 
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not a si^tla function of fractional cloud cover and aenlth ang!le. The atrip 
chart trace for global aolar Irradlance on April 27, 1981, la ahown In Figure 
23. The large reduction In energy received for total cloud cover Is evident 
by comparing the trace before 0800 B8T to the clear aky trace after 1600 BST. 

The trace for a clear day Is normally smooth and nearly symmetrical about 
solar noon (1203 BST). The effect of 60-80 Z cloud cover can be observed 
between 1000 and 1600 BST that same day. The difference in the effect of 
partly-cloudy conditions seems to be primarily in the amount of time that the 
direct sun Is obscured. 

C. CONCLUSION AND SUMKAKT 

A major portion of the objectives of Phase 1 of the proposed three-year 
research project has been attained. The radiometric measuratent program was 
completed for global solar and atmospheric emitted radiation. Direct and 
diffuse solar irradlance measurements will be in continuous operation as soon 
as permanent electrical power is made available. Fractional cloud cover can 
be routinely measured on a local scale by ground-based photographic techniques 
and on a larger scale by satellite photoprint analysis. A standard model has 
been selected for correlation between nommlised global irradlance and fractional 
cloud cover. Cloudy sky global solar irradlance can be normalized by the expectec 
clear sky values using the ARL model. Atmospheric emittance was not compared 
to fractional cloud cover because of the extremely weak dependence on cloud 
cover evident in the strip chart trace (see, for example, the trace shovn in 
Figure 23). The regression coefficients, obtained by use of the ARL equations, 
are generally too indefinite and are valid for too short a time interval to 
provide meaningful analysis. The characteristics of the ground-based photo- 
graphs have been established and can be used for measurements of cloud 
ge< .netry in later phases of this project. 
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RADioMsiRic issnmmKns» m> \smmsm 


Inatrunent 

Precision Spectral Fyxanomster 

Precision Infrared Radionister 

Bppley Normal Incldsnce Pyrhalicneter 

Hlckey-Frieden Absolute Cavity 
l^rhellorater 

Additional Vfevelenatli Rarues for the 
Pyranmneters and Pyrhellometers 

Volz Sur^^toraeter 


Nomal Obserwtion Wiealengtii BaanB 

0.285 to 2.8 sdcrons 
4.0 to 50.0 ndorons 
0.285 to 4.5 microns 
0.2 to SO ndcrons 

0.53 to 2.8 microns 
0.63 to 2.8 microns 
0.70. to 2.8 ndcrons 

Center of Band - Halfwidth 


380 rra 

11 na 

500 nn 

40 nm 

875 tm 

17 nm 

940 rm 

16 tm 


TABLE II 


HAMPTON INSmUIE SOLAR MEASUROfNT SU^M^KY 


Measurenent 

Instnmenration 

Data Frequency 

Starting Date 

SOLAR IRRADIANCES 
Global 

Eoplev PSP with clear glass 

Continuous record on 

February 17, 1981 

Direct 

Eppley NIP with quartz glass 
and solar tracker 

strip chan: recorder 
Integrated signals are 

Septeoiier 1981 

Diffuse 

Eppley PSP with clear glass 

printed at one hour 
interval s 

Septenber 1981 

ATMDSPHERIC E>HTEANCE 

and occulting disk 
Eppley PIR 

Continuous record on 

March 18, 1981 


strip chart recorder 


Integrated signals are 
printed at one hour 
intervals 


AIPDSPKERIC PROPERTIES 
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Figure 8. Analysis Grid for Grxxaid'Based Vihole Sky Photocrapha. Dotted circles 
represent half area ring segpents. The lig^t radial lines are lialf 
area sector lines. This overlay grid is centered o\jex the photograph 
with the outside ring located at the edge of the photograph. 



Table in RING POSITION AND WEIGHT FACTOR.^ FOR THE GROJND-MSED PHOTOGRAPH 

ANALYSTS GRID 


Ring # 

Angle 

(degrees) 

A Tan^O 

Wei^t Factor 
(with 

Half Area 

it 

Angle 

(degrees) 

A Tai^ 0 

1 

30 

0.333 

0.003 

1 

22.2 

0.167 

2 

50 

1.087 

0.008 

2 

43.1 

0.543 

3 

60 

1.580 

0.012 

3 

56.1 

0.790 

4 

70 

4.549 

0.035 

4 

66.5 

2.274 

5 

75 

6.380 

0.049 

5 

73.0 

3.190 

6 

30 

18.235 

0.140 

6 

78.2 

9.118 

7 

85 

98.483 

0.754 

(1) 

83.7 

49.242 


I 
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table IV OCMPARI90N OP PRAITTONAL OjOUD COVER OKEAINEn (WllND-BASEL 

PHOTOGRAPH ANALYJrtS WTIK SA3HJJTE IWTOPRINr ANALYSTS 

Photo Date Grouid Based Photograph Satellite Photoprint 

Time Fraction Time Fractions (per cent) using the 

(E^D (per cent) (EST) bcl - 3x3 - 5x5 grid areas 


Feb. 

25, 1981 

1355 

57 

1401 

50 

53 

47 

Mar. 

3. 1981 

0900 

2 

0901 

0 

3 

5 

Apr. 

24, 1981 

1441 

60 

1431 

65 

83 

76 

May 

1, 1981 

1328 

22 

1331 

10 

24 

21 


Selected satellite photoprint derived fractions are inderllned. The 3x3 grid area 
is used for low fractional cloud cover and the single grid area is used for higher 
fractions as discussed in the text. 


TABLE V REORFSSKXJ ODEFFIdENTS FOR FRACnONAL CLOJiD 00\^ MEHMOD OTHPARISONS 


Method Conpared 

Linear Regression Coefficients 

No. of LAFB Visual No. of HI Visual 

Points Estimates Points Estimates 

HI Visuals 

28 

0.80 

- 

- 

Grouid Based Photos 

19 

0.66 

18 

0.79 

Satellite Grid Areas 





1x1 

29 

0.75 

14 

0.79 

3x3 

29 

0.88 

14 

0.92 

5x5 

29 

0.84 

14 

0.88 
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TABLE VI ARL REHIESSTON OnEFFICIDTrS FDR CLEAR SKY (UDBAL 3dAR IRRADIANCE 


Data Correlated to Equation 

Nvnber 

Regression Ooefficiaits 

(Wh/m^) 

March 

- Momiiigs 

of Points 






clear sky only 

10 

- 67 

982 

261 

- 128 

March 

- Afterroons 







clear sky only 

14 

- 52 

1070 

- 233 

314 

March 

- Mornings & Afterr.oons 







clear sky only 

24 

43 

267 

1568 

- 911 

April 

- Mornings 







clear sky only 

8 

- 248 

1690 

- 717 

310 


clear & thin clouds 

19 

- 29 

758 

578 

- 267 

April 

- Aftemojns 







clear sky only 

5 

192 

- 434 

2648 

-1426 


clear & thin clouds 

17 

- 14 

fill 

761 

- 379 

May 

- Mornings 







clear sky only 

9 

87 

148 

1181 

- 434 


clear & thin clouds 

32 

12 

395 

1108 

- 533 

May 

- Afternoons 







clear sky only 

0 

- 

- 

- 

- 


clear & thin clouds 

12 

48 

166 

1844 

-1065 

March, April & May - Mominps 







clear sky only 

27 

- 124 

1173 

- 44 

- 174 


clear & thin clouds 

61 

15 

j30 

1440 

- 838 

March, April & May - AftemcxTis 







clear sky only 

19 

- 37 

926 

132 

47 


clear & thin clouds 

58 

9 

489 

1179 

- 666 


SKY GLOBAL SCLAR IRRADIANCE 
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Figure 1. Solar Radiation Measurement Observation Tower. The instrunentation from left to rigjit are: 

Diffuse Solar Tracker and Eppley PSP, Eppley PIR, Eppley PSP, Canera moint and occulting ball 
and the Eppley NIP tnoimted on a Solar Tracker. 



Occulting Disk-Solar Tracker Assembly 

Tne disk at the ivper riglit sliades tne 
sensor of tiie Eppley Pjt* froLi tiie direct 
sun. motor assent) ly rotates the disk 
sn)port arm to allow continuous operation 
from svnrise to suiset. 
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ORIGINAL FAGFi IS 
OF POOR QUALITY 


A3 


1201 ESI AUQ2S, 


88.00 


R OF GRIDS COdBRED ON SITE 


901 ESI ItARCN 3, 1981 


80.00 


NUMBtK 0^ GRIDS CQiltKI) ON SITE 

'Igure 5. Reflecttin DeuMLimuter versus Visual fc'stiimricn Analysis ^fctXKKls 
for IVjd Selected Satellite Hiotoprints. Hie syntxil "V" is used for 
visually estimated fractions and "S" is used for dens i tome trie vj^Iucs, 
The em)r barj'. only acaiint for statistical fluctuations. 
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RADIUS OF IMA6ECMM3 
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POSITION OF IMAGE VERSUS ANGLE 



Figure 7. Results of die Whole Sky Photographic System Calibration. The 
distance of the image the center of the piujto is plotted 
versus the angular position of the object as measured from the 
principal axis of the lens system. The error bars represent 
the standard deviations of the data for the different orientations 
on the cw calibration photographs. 


46 



Figure 9. Copy of t±ie 1330 ESI Photo Taken Febnjary 25 

ngure sipport rod are clearly visible in die ph.ito, i’te ball is 

slightly west of Olc south witii respect to tlie center of the phc'L . 
llie ncasured cloud fractiai is b9 
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FWaiONAL aon) COVER COHPARISC:; 
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Figure 11 Fracti».nal Cloud Cover Ccnparis^Jii n Satellite Photoprint 

Analysis V^alues and Grt'uid dased Visual Estiiiiates Mule at riani'Liii 
Institute. Hu; satelliti data were cal. ulated using tlie nine 
rectangular grids (3x3) centered over tne rncasurenenr .site 
Cloud Cover was estimated for each grid atd thai averaged 



vim ESTIMATES J HI (7.) 


Figure 12. Ftactional Cloud Cover Coiparison between Groind L^ed Photograpiiic 
Results jnd Croixid Based Visual Esticiates I-bde at Haif'ton Institute. 
The first fiw rings (up to 75®) were used for the ground based 
photographic results. 
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m VISUAL ESTDUTR ( 7. ) 


Figure 13. Fractional Cloud Cover Conparison between Satellite Photoprint 

Analysis Values aid Groind Based Visual Estiraates Made at Laigley 
Air Force Base. TTie satellite data were calculated using the 
nine rectangular grids (3x3) centered over the measurenent site. 
Cloud Cover was estimated for each grid and thai averaged. 
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UfB VISUM. ESTIMATES ( 7. ) 


Fifoire 14. Fractional Cloud Cover Cocpariscns between Groind Based Photographic 
TlesuTts ard Groixid Based Visual EstiuHtes Made at I^angley Air Force 
Base. The first fi\« rings (tp to 75°) were used for the grouid 
based photographic results. 




HARCH 1981 



* I 

i ' 

0 ^ i 

0 4 8 1? 16 20 24 


HOUR (FST) 

‘•igiin? 15. Awrage Diurnal Variation of Global Solar Irradiauu; tor March ]9dl. 

Ihe a\».Tai^ global tolar irradiaice incident a\ a lwri.ajnfal surtace 
fci hour cf the day is plotted versui the tiuK of oay for uie 
mmth of Marcii 1981. ^ 
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' /vLrage Diurnal Variation of Global Solir Irradiance and Atinos[4ienc 
tmitLance for April 1981. Tne average global and atnosplieric (IV) 
radiation received cn a horizontal surface for eacn nou;.' of the day 
is plotted verjus tlie tine of day for the ninth of April. 
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HAY 1981 



Figure 17 . Average Diurnal Variation of Global Solar Irradioice and AtnDS(^rlc ( 
Qnittance for May 1981. The average global and atnospheric radiation 
received on a horizontal surface for each hour of the day is 
plotted versus the tine of day for the ncnth of May. 
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Fifiire 18. Average Diurnal Variation of Global Solar Irradiance and A/nrospheric (IR,) 
HMtLance for Jine 1981. Ihe average global and acnt>.sphcnc radiation 
receiwd m a Iwrizontal .surface for each hour of the day is plotted 
versus the time of day for the month of June. 
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Figure 19 Fractional Cloud Cover Frequency for March 1981. The total nu±>er 
of times that each ten per cent cloud cover estimate was made during 
the month of March is plotted versus fractional cloud cover. The 
graph reflects each hourly observation made during the 2A hour day 
for ail 31 days. The cloud observations were prodded by the 
Third '•feather Squadron at Langley Air Force Base. 
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April 27, 1981 - Global Solar and Atimspheric Einitted Strip Chart Trace 



Atmospheric E^tted Irradianoe (U/m ) 


( m/M) aoiBTpBOJi xejos T^qoxo 


>s4 *9(13 

|S «||-S 


R 




ti “ SPSS'S a 

^ S B . a B-'s * 

I 

<u o S M 9 fi 
oj 0) B 4-i S & 

H l’3| Z 
loa-q^^s s 


■g 58 “88^" B 

is GOt-l cO _ M ^ 
i-i u 0) (0 

I 

•ti °S^8qg'S 


MW VJ UU W 

"S ^ Qi 

® s'® I 8 ^ 


4-10. 
(Q jC 




^ mtm 









RATIO OF CLOUDY ID CLEAR GLOBAL SOLAR IRRADLAi'JCE 


61 


Figure 2A. 



Cloudy to Clear Global Solar Irradiance Ratio versus Opaque Cloud 
Cowr for the Mcnth of March. The dots reoresent LAFB cloud fractions 
and each 0 represents a satellite-derived cloud cover fraction. 

The cwD plus tiBiKs oesigiate grouia-Dased pnotograpli deri\«cl tractions . 
The solid line is the re.sult of the least squares fit to the LAFB 
visual estiiTHtes using equation 2. The brol^ line is for tiie satellite 
photoprint derived fractions. 
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Figure 25. Cloudy Co Clear Global Solar Irradiaice Ratio versus Op>aque Cloud 
Cover for the Month of April 1981 . The dots represent the LAFB 
cloud cover fractions and eac±i 0 represents a satellite-derived 
cloud cover fracticn. Each + designates grouid-based photograi:^ 
cv.rived fractions. TVe .solid line is the result of tlie least squares 
fi t to tie lAFB visual estimates using equation 2. The dashed line 
is for the gromd*based photograph results aid the dash-dot line for 
the satellite results. 
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Figure 26, Cloudy to Clear Global Solar Irradiaice Ratio versus Opaque Cloud 
Cover for the Month of May 1981. The dots represent the LAFB cloud 
fractLcns aid eadi 0 represents satellite'derived fractions. Eacii 
+ desisaiates a epjixid-based photographic result. The solid llrv* 
is the result of the least ^uares tit to the LAFB visual estiiiates 
using equation 2. The dashed line is for the ground based photograph 
results aid the dash-dot line for the satellite results. 
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